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Cold collisions involving rotationally hot oxygen molecules
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Cold and ultracold collisions involving rotationally hot oxygenmoleculesare investigatedusing quantum-
mechanical coupled-channelgoupled-statesand effective-potentialscatteringformulations. Quenchingrate
coefficientsare given for initial rotationallevels nearthe dissociationthreshold.The stability of the oxygen
“superrotors” againstcollisional decayis comparedo previousinvestigationsnvolving hydrogenmolecules
wherethe rotationalinertiawassignificantlysmaller In contrastto hydrogen all possiblestatesof rotationally
hot oxygenare quenchedvery rapidly during a collision with a buffer gashelium atom, and the quenching
efficiencyis alwaysdominatedby purerotationaltransitions.
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I. INTRODUCTION

Experimentalschemedo producediatomic moleculesin
highly excitedrotationalstateshavebeenproposed1,2] and
recentlyrealized[3]. Theoreticalstudieshavesuggestedhat
the collisional dynamicsof suchrotationally hot molecules
would be particularly interestingat low temperature$4-38].
For example,it hasbeendemonstratedhat rotationally ex-
cited hydrogenmoleculesmay undego rapid quenchingdur-
ing cold collisionswith a helium atomdueto quasiresonant
vibration-rotation (QRVR) transitions [4,5]. Alternatively,
hydrogen‘superrotors” in certainstatesmay experiencerir-
tually no collisional quenchingat all [6,8]. The fate of the
moleculedependsonly on its initial rovibrational stateand
whethera nearbyQRVR transitionis enegetically allowed.
This all-or-nothingbehaviorproducessharpstructuresn the
rotational distribution of total quenchingrate coefficients
[4,5]. It is naturalto considemwhetherotherdiatomicsystems
would exhibit a similar kind of quenchingbehaviorduring a
cold or ultracold collision. Some preliminary studieswere
performedfor rotationally excited oxygen molecules[8]. It
wasfound that all stateswith rotationallevel j lessthan40
would be rapidly quenchedin collision with a buffer gas
helium atom due to pure rotational deexcitation.However
this is not a fair comparisonof the neardissociationcolli-
sional dynamics,which is where one might expectsimilar
interestingbehaviorto occur While the hydrogenmolecule
is fully dissociatedby j=40, the oxygenmoleculemustbe
excitedto j=120 or so beforecomparableQRVR transitions
are accessibleand to j=~ 160 before any interestingnear
dissociatiorbehaviormight occur[8]. Unfortunately the nu-
merically exactcoupled-channglCC) scatteringformulation
becomesntractible as the rotationallevels are increasedo
such large values. Alternative formulations such as the
coupledstates(CS) and effective-potential EP) approxima-
tions offer a possiblemeansto computethe desiredlarge§
scatteringdata.However it is necessaryo establishthe ap-
plicability of CS and EP approximationsn the cold and ul-
tracold temperaturaegime.In this work, we calculateCC,
CS, and EP crosssectionsfor rotationallevels where each
formulationis ableto produceresults.After determiningthe
accuracyof the approximatemethodswe extendthe calcu-
lationsall the way to dissociation.
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We also investigatethe translationalenegy dependence
of the crosssectionsand rate coefficients,extendingprevi-
ously publishedresults[9] to include highly rotationally ex-
cited initial states.Oxygen moleculesare open shell with
electronspin equalto one (this is responsiblefor its para-
magnetism Therefore,there existsa nonzerocoupling be-
tween the electron spin and the nuclear rotational angular
momentumAs in previousstudies[9,10,11] we assumehat
this couplingis small comparedo the potentialenegy and
its anisotropy Paramagneticnoleculessuchas oxygenoffer
possibilitiesfor buffer gascoolingandtrapping[12]. Conse-
quently ultracold collisions of oxygen moleculeswith he-
lium atoms[9,13] and with other oxygen molecules[14]
havebeenreportedrecently The presentresultsadd to this
body of work. It alsoprovidesa point of comparisorto the
rotationalquenchingstudiesof hydrogenmoleculeqd6,8] and
molecularions [15], and with rotational resonancestudies
[16,17 at ultracold temperaturesFor hydrogenmolecules,
therotationaldistributionof zero-temperaturquenchingate
coefficientsrevealeda qualitativestructurethatwasindepen-
dentof the colliding partner[18]. Therefore we expectthat
the qualitative featuresobtainedherefor a helium collision
partnerwould likely extendto otherbuffer gasatomsor mol-
ecules.In the following section,we review the CC formula-
tion that will allow us to determinethe accuracyof the CS
and EP approximationsn the ultracoldtemperaturdimit.

I1. COUPLED-CHANNEL FORMULATION

The atom-diatom Hamiltonian in the centerof-mass
frameis given by

1

1
H:__Vf_zvlza"' U(F)+V’(F,R, 0)1 (1)

2m
wherer is the distancebetweenthe oxygenatoms,R is the
distancebetweenthe helium atom andthe centerof massof
the diatom, 6 is the anglebetweernr andR, m is the reduced
massof the diatom,and u is the reducedmassof the helium
atomwith respectto the diatom. The three-dimensionabo-
tential energysurfaceis separatednto a diatomic potential
v(r) and an interaction potential V,(r,R, ). The diatomic
Schrédingerequation
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is solvedby expandingherovibrationalwavefunction y,;(r)
in a Sturmianbasisset. The full wave functionis expanded
in a setof channelfunctions[n= (vjl)]:

VMR F) = }22 Ca(R (R, 3)

W)E 2 (13, M — ) Y4, (7)Y (R,

mj ny
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wherel is the orbital angularmomentumof the atom with
respecto the diatom,J is the total angularmomentumM is
the projection of J onto the space-fixedz axis, and
(j13|na;, M —nm) denotesa Clebsch-Gordoroefficient.Oper-
ating the Hamiltonian(1) on the channelfunctions(3) leads
to a setof coupledequations,

@ Iy(ln+ 1)

ﬁ R2 + 2,LLEm

Ca(R) = 2 Co(R{( U b0,
(5)

where E,, is the translationalenergyand I, is the orbital
angularmomentumin the mth channel.The reducednterac-
tion potentialU; is expandedn Legendrepolynomials,

o

Uy(R,F, 0) = 2u V,(R,F,6) = >, U, (R,F)P,(cost)  (6)
A=0

andthe solutionto Eq. (5) is matchedasymptoticallyto free

wavesto obtain the scatteringmatrix Sy ..\, The cross
sectionsare given by [19]
- * Car [
Tyi—p'i’ —E 23+ 1 E 2 | 6"7
vj—v'J 2,LLE (21+1)J 0 ‘] J‘ e |J J,‘ v’
2
_S:jl;u’j’l’| : (7)

Inspectionof Eq. (7) revealsthe difficulty of usingthe CC

approachfor rotationally hot molecules.The dimensionality
of the scatteringmatrix grows rapidly with increasingj due
to the exacttreatmentof the angular-momentuntoupling.

For typical molecules(i.e., any moleculeother than hydro-

gen the highly rotationallyexcitednear-dissociatiodynam-
ics will requirea decouplingapproximationin orderto ob-

tain a numericalresult.

[Il. DECOUPLING APPROXIMATIONS

The coupled states(CS) approximation[20,21] begins
with
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where () is the body-fixed projectionof both J andj. The
centrifugaltermin the total Hamiltonianwill give diagonal
matrix elementsproportionalto J(J+1)+j(j+1)-2Q02. The
CS approximationis made by neglectingthe off-diagonal
Coriolouscouplingsthat arisein the body-fixed frame. Dif-
ferentvariationsof the CS approximatiorhaverecentlybeen
studiedby Krems[22]. It wasfoundthattheJ labeledvariant
introducedby Pack[20] performedbestfor He+CO colli-
sionsat ordinarytemperature$22]. This versiondoesnot
generallyallow s-wave scatteringfor rotationally excited
statesof the diatom. Therefore we usethe I-labeledvari-
ant originally proposedby McGuire and Khouri [21]
which assumeghat the diagonaleigenvalueof the orbital
angular-momentunoperatorl? is approximatedoy I(I+1)
wherel is a conservedquantumnumber.This procedure
allows s-wave scatteringand yields the set of coupled
equations

d? (l+ 1)
iy +2uE,; |Cyj(R) = X Cyrjr(R)
o'’
X(jQUylo'j' ), 9)
where
)‘max
@jQUP'j’Q) = X (- DR+ D (2f + 12
A=0
PN J)(J N )
X i 1ir) .
(o o o/la o —o XWX
(10)
The (---) denotesa 3j symbolandthe{---} below denotesa

6j symbol. Equation(9) showsthat the CS formulation re-
quires a set of calculationsfor eachvalue of Q. The EP
formulation is independenbf Q with potential matrix ele-
mentsgiven by [23]

(WjlUo'j") = 2 W V2j+1)(2j" +1)

N
><<0 0 o)(XU,Ilexvn (12)

In the CS and EP formulations,the orbital angularmomen-
tum of the atomis decoupledfrom the orbital angularmo-
mentumof the diatom and is assumedo be a conserved
quantity. Therefore,the numberof channelsis the sameas
the numberof states(v,j). The CS potentialmatrix element
(10) andthe EP matrix element11) areconsiderablysimpler
thanthe CC potentialmatrix element
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whosedimensionincreasegapidly with j. The CS and EP
approximationsrequire matchingthe solution of Eg. (9) to
asymptoticfree wavesto obtainthe respectivescatteringma-
tricessi?;v,j, andsf)j;v,j,. The collision crosssection(7) may
thenbe replacedby the respectiveCS or EP crosssection:

(12)

% Q

max
o
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S:j;u’j’ ’ (13)
o

Tojtjr = 52 (A + D)8 8, =S, 2 (19)

21E, j1=0

The set of coupled equations(5) and (9) may be conve-
niently solvedusingthe generalinelasticscatteringprogram
MOLSCAT [24]. The rate coefficientsmay be obtainedfrom
the usualthermalaveragingprocedure

(k:T) 2 J :

X exp(— Ex/ksT)Ey dEy, (15)

whereT is thetemperaturendkg is the Boltzmannconstant.
The total quenchingrate coefficientsR,;(T) are given by

Rvj(T) = E Rvjﬂv’j’(T)-

U!jr

The sumin Eq. (16) includescontributionsfrom all possible
exit channelsThe total quenchingrate coefficientis anim-

portantquantity in cooling and trapping experimentsTypi-

cally, the ratio of the elastic rate coefficient to the total

quenchingrate coefficientmustbe very largein orderfor a
collisional cooling scheme(e.g., buffer gascooling, evapo-
rative cooling to be effective. Otherwise,the energy re-

leasedn the deexcitatiorprocesswill leadto unwantecheat-
ing of the gasandlimit further cooling efforts.

RUJ'-A,U/J'-!(T):(SkBT/’ITILL)lIZ U-UJHUIJ!(E,()

(16)

IV. RESULTS

Figuresl and2 showzero-temperaturerosssectionsand
rate coefficientsfor 3He+H,. The detailsof the CC calcula-
tionsarethe sameasthosereportedpreviously[8] sowill not
berepeatechere.The CS resultswere computedby restrict-
ing Q=0 in Eq. (10) assuggestedy Krems[25]. This pro-
cedureyields crosssectionsthat are qualitatively similar to
the more accurateCC resultsfor both elasticand inelastic
scattering.The EP resultsare lessaccuratethan CS for this
systemhowever the qualitativebehavioris still quite similar
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FIG. 1. Elasticscatteringcrosssectionsfor 3He+H, in the limit
of zerotemperatureln eachcalculationthe moleculeis initially in
the v =0 vibrationallevel with initial rotationalquantumnumberj.

to the CC results,particularlyfor theinelasticcrosssections.
The elasticcrosssectionsgenerallyappearto be moresensi-
tive to thedecouplingapproximationghanthe corresponding
inelastic cross sections.The accuracyof the CS inelastic
crosssectionss aboutthe samewhen() is summedover as
it is when(} is restrictedto zero.In theresultsthatfollow, a
sumover all possible() wasusedfor the crosssectionsob-
tainedby the CS approximationunlessstatedotherwise.
For 3He+0,, we have performedour scatteringcalcula-
tionsusingthe potentialenegy surfaceof Groenenboonand
Struniewicz[26]. For the oxygendiatom,we usedthe poten-
tial of Friedman[27] as modified by Babb and Dalgarno
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FIG. 2. Rate coefficientsfor total inelastic quenchingfor 3He
+H, in the limit of zerotemperatureln eachcalculationthe mol-
eculeis initially in the v=0 vibrationallevel with initial rotational
quantumnumberj. The peaksat j=12 and j=24 are due to the
openingof the Aj=—4Av andAj=-2Av transitionsThe EPandCS
approximationsreableto reproducehe shapeof themoreaccurate
CC calculations.
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FIG. 3. Rate coefficientsfor total inelastic quenchingfor 3He
+05 in the limit of zerotemperatureThe CC and CS resultsare
smoothlyvarying with a maximumvalue at j=10. The EP results
show a strongnonphysicaloscillationfor low valuesof j. The CS
dataslightly underestimatethe rate coefficientswhile the EP data
arenearly a factor of 2 greaterthanthe CC resultsfor large j.

[28]. In all of our calculationsthe anisotropyof the potential
enepgy surfacewas well describedusing A pa=10, and 20
integrationnodesfor 0< §<90°. Purerotationaltransitions
were convepged to within a few percentfor basissetsre-

strictedto j—10<j<j+2 with v,,=1. Rovibrationaltran-
sitionsrequiredadditionalrotationalchannelgo beincluded,
s0 we have conservativelyrestrictedthe basissetto j—20

<j<j+2 wherej is the initial level of interest.Figure 3

showsthe total quenchingrate coefficient Ry;(T—0) as a
function of j. The numerically exact CC resultsare given
alongwith approximateCS and EP results.The CC andCS
results are smoothly varying with a maximum value at j

=10. The EP resultsshow a strong nonphysicaloscillation
for j<15.For j>15, the EPresultssettledownandbecome

smoothlyvaryingwith j. The CSdataslightly underestimates

theratecoefficientswhile the EPdataarenearlyafactorof 2
greaterthanthe CC resultsfor large j. Although it was not
possibleto perform CC calculationsfor j> 40, the CS and
EP formulationsallowed us to obtain conveged resultsfor
all possiblevaluesof j. Becausethe total quenchingrate
coefficientsare dominatedby pure rotational Aj=-2 transi-
tions, it is possibleto extrapolatethe CC resultsandfit the
Jj>20 datafor eachscatteringformulationusing

lim R,;(T) = A exp(AE/B),
T—0

(17)

where AE is the energy gap betweenthe initial and final
rotational levels. The exponential scale parameterB is
140.845cm™! and the coefficient A is 1.5, 3.5, and 2.0
X 107 em’s™t for CS, EP, and CC respectively.
Figure4 showsthe rate coefficientsfor rovibrationaltran-
sitionsin which thevibrationallevel is increasedy oneunit.
Both CS results (Qpa=0 and Qpa=j+2) show a similar
structurewith sharpincreaseccurringat the openingof a
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FIG. 4. Rate coefficientsfor Av=1 transitionsin the limit of
zero temperatureCS calculationswere performedusing Qp.=0
and Q.=j+2. Both CS calculationsshow similar structurewith
sharpincreasesoccurring at the openingof a new channel.The
Aj=-8 transitionbecomesenegetically allowed at j= 71, the Aj
=-6 transitionat j=91, andthe Aj=-4 transitionat j=130. The
moleculedissociatebeforethe Aj=-2 transitionbecome®nepeti-
cally allowed.The EPresultsshowlessstructureatthelow j thresh-
olds but qualitatively similar behaviorto CS asj is increased.

new channel.The Q=0 calculationsprovide a factor of j
speedupverthe full CS calculationsandare comparablén
speedo the EP calculationsThe EP resultsshowlessstruc-
ture atthe low j thresholdsut qualitatively similar behavior
to CSasj is increasedThe Aj=-8 transitionbecomesn-
emgetically allowedat j=71, the Aj=-6 transitionat j =91,
andthe Aj=-4 transitionat j=130. A very small disconti-
nuity may be seenin Fig. 3 at j=130 due to the Aj=-4
transition which providesa small contributionto the total
quenchingrate coefficient. The moleculedissociatesefore
the Aj=-2 transitionbecomesnengetically allowed.Thero-
tational distribution of zero-temperaturerate coefficients
given in Fig. 4 is reminiscentof the staircaseplot for the
fixed Aj/Av ratiosthatwasfoundin classicalrajectorystud-
iesof QRVR transfer[29]. The structureis a consequencef
the balancebetweenenegy and angularmomentumcon-
straints[30] and appeardo be a universalfeatureof atom-
diatom collisions independenbf the specific system.How-
ever thedistributionmay appeadifferently for eachsystem.
For example,in Fig. 2 the rate coefficientsfor He+H, show
a sharpincreaseat the openingof a QRVR transition fol-
lowed by a smoothdecreasewith j until the next QRVR
transitionis enegetically accessibleFigure4 showsthatthe
rate coefficientsfor He+O, are muchflatter in betweenthe
differentthresholdsut becomemorelike the H, resultsasj
increasesThis is becausdhe transitionsbecomemore spe-
cific and efficient asthe angularmomentumgapis reduced.
The smoothdecreasevith j following a QRVR thresholdis a
consequencef the increasingenegy gapbetweertheinitial
andfinal rovibrationallevels.Theissueof whetherthe sharp
increaseplays an importantrole in the rotationalrelaxation
dependson the magnitudeof the rovibrational rate coeffi-
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FIG. 5. Crosssectionsfor the Av=0,Aj=-2 transition as a
function of translationalenegy. The moleculeis in the v=0 level
for all datashownand the calculationswere performedusing the
CC formulation. Shaperesonancesccurat aboutthe sametransla-
tional enegy for eachinitial j level. The Wigner thresholdlimiting
E~12 behavioroccursfor E< 1072 cmt.

cients relative to the pure rotational rate coefficients.For
hydrogenmoleculesthe purerotationalquenchingate coef-
ficientsweredominatedby the rovibrationalrate coefficients
whenevelQRVR transitionswereenegetically open.Figures
3 and 4 showthat this is not the casefor oxygen.The pure
rotational quenchingrate coefficientsare always dominant
for all j and the rovibrational transitionsplay a negligible
role in therelaxation.In addition,the rotationalquenchings

quite large so it is clearthat a superrotor madeof oxygen
would be muchmore fragile than one madeof hydrogen.

Figure5 showscrosssectionsfor the Av=0,Aj=-2 tran-
sition asa function of the incidentkinetic enegy. The mol-
eculeis in the v=0 level for all data shown. Shapereso-
nancesoccurat aboutthe sametranslationakenegy for each
initial j level. Thelocationsof the shaperesonancearealso
the sameasthosereportedpreviously[9] for thev=1,j=1
level. The magnitudesof the crosssectionsshownin Fig. 5
aremuchgreaterthanthosegivenin Ref. [9] becausef the
availability of pure rotational quenching,which dominates
over the less efficient rovibrational quenching. Wigner
threshold E~¥2 behavior occurs for enegies less than
10%cm™%, in agreementvith the crosssectionsgivenin Ref.
[9].

Figure 6 showsthe rate coefficientsfor the Av=0,Aj=
-2 transitionasa function of temperatureThe moleculeis in
the v=0 level for all datashown.The shaperesonancei
the crosssections(seeFig. 5) give rise to stepsin the rate
coefficientsfor temperaturesaround 1-10 K. The Wigner
thresholdlimiting behavioroccursfor T<1072 K yielding
very efficient ultracold quenchingrate coefficientsof about
107 e 871, in agreementvith the resultsshownin Fig. 3.
All datashownin Fig. 5-7 were computedusing the CC
scatteringformulation. Figure 7 shows cross sectionsfor
elastic scatteringas a function of translationalenegy. The
moleculeis in the v=0 level with j=3,5,7 and 9. The
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FIG. 6. Rate coefficientsfor the Av=0,Aj=-2 transitionasa
function of temperatureThe moleculeis in the v=0 level for all
datashown.The shaperesonance the crosssectionsgive rise to
stepsin the rate coefficientsfor temperaturesiround1-10 K. The
Wigner thresholdlimiting behavioroccursfor T<1072 K.

Wignerthresholdiaw for elasticscatteringrequiresthe cross
sectionto approacha constantvalue asthe collision enegy
tends to zero. This occurs for enegies below 1073 em™?

which is a factor of 10 lower than the onsetof inelastic
thresholdbehavior Structurein the elasticcrosssectiondue
to shaperesonancesccursjust below 1 cm™ asin the case
of inelastic scattering(seeFig. 5). A similar structurewas
found [9] at this enegy for j=0 aswere the oscillationsin

the crosssectionfor enegies betweenl and 10 cm®. The
zero-enayy crosssectionfor elasticscatteringis extremely
small, typically around10 A? for the rotationallevelsshown
in Fig. 7. This is morethan500 timessmallerthanthe zero-
enegy elasticcrosssectionfor hydrogenmolecules[5] and

1000 T T T

100

s
o

Cross section (107 cm?)

]
107

FIG. 7. Crosssectionsfor elastic scatteringas a function of
translationalenegy. The moleculeis in the v =0 level for all data
shown and the calculations were performed using the CC
formulation.
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FIG. 8. Crosssectionsfor the Av=0,Aj=-2 transition as a
function of translationalenegy. The moleculeis in the v=0 level
and the calculationswere performedusing the EP approximation.
The shaperesonancesearl and4 cm™* aredueto |=4 and1=5
centrifugalbarriers,respectively

suggestghat collisional cooling would be very difficult for
oxygenmoleculesevenin the absencef inelasticquenching
collisions.

Figure 8 showscrosssectionsfor the Av=0,Aj=-2 tran-
sition as a function of enegy. Thesecross sectionswere
calculatedusingthe EP approximationwhich allowedhigher
valuesof j to be consideredThe curvesappearto be very
similar to thosein Fig. 5 which werecomputedusingthe CC
formulation. The shaperesonancef the crosssectionsoc-
curatthesameenegiesasbefore.Becausef thedecoupling
of angularmomenta,the EP approximationallows for the
resonantpartial waves to be more easily identified. The
strongresonancearoundl cm™* aredueto thel=4 centrifu-
gal barrier and the weakerresonancesround4 cm™ area
result of the I=5 centrifugal barrier Similar behaviorwas
found using the CS approximation.Figure 9 showsthe cor
respondingelastic cross sectionsfor the EP calculations.
Again, the curvesappearto be very similar to thosecom-
puted for smallerj using the CC formulation (seeFig. 7).
The minima near0.02cm™ found in the CC elastic cross
sectionsfor low rotationallevelsareabsentn the EPresults
for highly excited states Although the decouplingapproxi-
mationstendto be lessreliablefor elasticscatteringthe EP
andCSresultssuggesthatthe zero-enggy elasticcrosssec-
tions are evensmallerfor highly rotationally excited states
thanfor the low-lying rotationalstates.

V. CONCLUSIONS

We haveinvestigatedcold andultracoldcollisionsinvolv-
ing rotationally excited oxygen moleculesusing quantum-
mechanicalCC, CS, and EP scatteringformulations. For
large rotationallevels, the CS and EP approximationsgive
resultsthat are within a factor of two of numerically exact
CC results.This amountof error is acceptableconsidering
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FIG. 9. Crosssectionsfor elastic scatteringas a function of
translationalenegy. The moleculeis in the v =0 level andthe cal-
culationswere performedusing the EP approximation.The zero-
enepy elasticcrosssectionsaareextremelysmallfor highly rotation-
ally excitedstates.

the potential-enayy surfaceis not designedfor ultracold
temperaturesand the spin-rotation coupling has been ne-
glected.The qualitativeagreemenbetweenthe threescatter
ing formulationsis encouragingand we concludethat the
decouplingapproximationsprovide a meansto obtain reli-
able estimatedor stateswith large internalangularmomen-
tum. It is found that all possiblestatesof rotationally hot
oxygenare guenchedvery rapidly during a collision with a
buffer gashelium atom, and the quenchingefficiency s al-
waysdominatedoy purerotationaltransitionsThis finding is
in contrasto rotationallyhot hydrogenmoleculeswhich has
very low quenchingefficiency when QRVR transitionsare
closedandvery high quenchingefficiencywhenQRVR tran-
sitionsare open.

Although the quenchingefficiency for QRVR transitions
wasfoundto be smallfor oxygen,a staircaseplot wasfound
for the ratecoefficientsasa function of rotationallevel. This
featureof rovibrationaltransitionsoccursas a result of the
openingof new channelsasthe rotationallevel is increased.
Resonancei the scatteringcrosssectionswere seenas a
function of translationalenegy. The elasticcrosssectionat
low enegy wasvery smallfor all rotationallevels.The small
elasticcrosssectionsandthe efficient purerotationalquench-
ing behaviorindicatethat the neardissociationdynamicsof
molecular oxygen would be less interestingand probably
moredifficult to studyexperimentallythanthe corresponding
caseof molecularhydrogen.
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